Activation of type 1 cannabinoid receptors (CB1R) decreases GABA and glutamate release in cortical and subcortical regions, with complex outcomes on cortical network activity. To date there have been few attempts to disentangle the region-and cell-specific mechanisms underlying the effects of cannabinoids on cortical network activity in vivo. Here we addressed this issue by combining in vivo electrophysiological recordings with local and systemic pharmacological manipulations in conditional mutant mice lacking CB1R expression in different neuronal populations. First we report that cannabinoids induce hypersynchronous thalamocortical oscillations while decreasing the amplitude of faster cortical oscillations. Then we demonstrate that CB1R at striatonigral synapses (basal ganglia direct pathway) mediate the thalamocortical hypersynchrony, whereas activation of CB1R expressed in cortical glutamatergic neurons decreases cortical synchrony. Finally we show that activation of CB1 expressed in cortical glutamatergic neurons limits the cannabinoid-induced thalamocortical hypersynchrony. By reporting that CB1R activations in cortical and subcortical regions have contrasting effects on cortical synchrony, our study bridges the gap between cellular and in vivo network effects of cannabinoids. Incidentally, the thalamocortical hypersynchrony we report suggests a potential mechanism to explain the sensory "high" experienced during recreational consumption of marijuana. cannabis | high-voltage spindles | striatum | substantia nigra | electrocorticograms C annabinoids are a family of compounds that activate cannabinoid receptors, which are well known for their psychotropic effects and therapeutic potentials. The type 1 cannabinoid receptor (CB1R) is massively expressed in the brain at the synaptic terminals of excitatory and inhibitory neurons, and its activation by exogenous or endogenous cannabinoids decreases neurotransmitter release (1-3). One largely unanswered question is how the elementary decreases in excitatory and inhibitory synaptic transmissions induced by systemic intake of cannabinoids interact to produce alterations in neuronal network activity in vivo. A number of recent studies combining systemic injections of CB1R agonists and antagonists with electrophysiological recordings in the hippocampus and neocortex of awake or anesthetized rodents have shown that a hallmark of cannabinoids effects on neuronal network activity is a decrease in synchrony (4-9). Specifically, systemic CB1R activation has been shown to decrease (i) the amplitude of the hippocampal θ rhythm (4, 7, 8), (ii) the amplitude of γ oscillations in the hippocampus (4, 7, 10), enthorinal cortex (8), and prefrontal cortex (7), (iii) the incidence of hippocampal ripples (4, 6, 11), and (iv) spiking correlation in the hippocampus and prefrontal cortex (4, 5, 7, 9) .
Activation of type 1 cannabinoid receptors (CB1R) decreases GABA and glutamate release in cortical and subcortical regions, with complex outcomes on cortical network activity. To date there have been few attempts to disentangle the region-and cell-specific mechanisms underlying the effects of cannabinoids on cortical network activity in vivo. Here we addressed this issue by combining in vivo electrophysiological recordings with local and systemic pharmacological manipulations in conditional mutant mice lacking CB1R expression in different neuronal populations. First we report that cannabinoids induce hypersynchronous thalamocortical oscillations while decreasing the amplitude of faster cortical oscillations. Then we demonstrate that CB1R at striatonigral synapses (basal ganglia direct pathway) mediate the thalamocortical hypersynchrony, whereas activation of CB1R expressed in cortical glutamatergic neurons decreases cortical synchrony. Finally we show that activation of CB1 expressed in cortical glutamatergic neurons limits the cannabinoid-induced thalamocortical hypersynchrony. By reporting that CB1R activations in cortical and subcortical regions have contrasting effects on cortical synchrony, our study bridges the gap between cellular and in vivo network effects of cannabinoids. Incidentally, the thalamocortical hypersynchrony we report suggests a potential mechanism to explain the sensory "high" experienced during recreational consumption of marijuana. cannabis | high-voltage spindles | striatum | substantia nigra | electrocorticograms C annabinoids are a family of compounds that activate cannabinoid receptors, which are well known for their psychotropic effects and therapeutic potentials. The type 1 cannabinoid receptor (CB1R) is massively expressed in the brain at the synaptic terminals of excitatory and inhibitory neurons, and its activation by exogenous or endogenous cannabinoids decreases neurotransmitter release (1) (2) (3) . One largely unanswered question is how the elementary decreases in excitatory and inhibitory synaptic transmissions induced by systemic intake of cannabinoids interact to produce alterations in neuronal network activity in vivo. A number of recent studies combining systemic injections of CB1R agonists and antagonists with electrophysiological recordings in the hippocampus and neocortex of awake or anesthetized rodents have shown that a hallmark of cannabinoids effects on neuronal network activity is a decrease in synchrony (4) (5) (6) (7) (8) (9) . Specifically, systemic CB1R activation has been shown to decrease (i) the amplitude of the hippocampal θ rhythm (4, 7, 8) , (ii) the amplitude of γ oscillations in the hippocampus (4, 7, 10), enthorinal cortex (8) , and prefrontal cortex (7) , (iii) the incidence of hippocampal ripples (4, 6, 11) , and (iv) spiking correlation in the hippocampus and prefrontal cortex (4, 5, 7, 9) .
In contrast to the consistent reports that cannabinoids dampen cortical network oscillations, other findings suggest that they could also increase synchrony. First, CB1R are predominantly expressed by GABAergic forebrain neurons (12) , and their activation leads to decreased GABA release (1) . Therefore, cannabinoids might be expected to increase network synchrony or generate excessive firing activity, in a similar manner to GABA receptors antagonists, which favor convulsive seizures (13, 14) . Second, several studies have reported that cannabinoids are proconvulsant in experimental models of epilepsy (15) (16) (17) . The concurrent but unbalanced activation of the CB1R at the synaptic terminals of inhibitory and excitatory neurons could be one explanation for these seemingly contradictory observations. Additionally, the high level of CB1R expression in subcortical regions (18) (19) (20) leaves open the possibility that at least a part of the cannabinoid-induced alterations in cortical network activity has extracortical origins. To date, the potential cell type-and region-specific impact of CB1R activation on in vivo cortical network activity has received little attention. Here we specifically addressed this issue by comparing the impact of systemic and local injections of the CB1R agonist CP55940 on cortical network oscillations recorded from freely moving mice lacking CB1R expression in distinct neuronal populations. The results reveal the cell-and region-specific mechanisms underlying a dual modulation of cortical synchrony by exogenous cannabinoids and pave the way to a refined understanding of the cognitive alterations associated with marijuana consumption (21, 22) .
Results
Systemic CB1R Activation Induces Thalamocortical High-Voltage Spindles While Decreasing Fast Electrocorticogram Oscillations. To investigate in vivo the cell type-specific impact of systemic CB1R activation on cortical network activity, we recorded neocortical electrocorticograms (ECoG) before and after i.p. injections of the high-affinity CB1R agonist CP55940 (0.3 mg/kg of body weight). ECoG were recorded bilaterally above the somatosensory cortex, in the home cage of two groups of mice: C57BL/6N mice (n = 9) and conditional mutant mice that lack CB1R expression in specific neuronal populations [n = 33, including WT littermates (19, 23, 24) ]. All ECoG shown and compared in this study were taken from periods of immobility, to avoid biased quantification of network activity due to decreased locomotor activity induced by the systemic injection of cannabinoids (19) (Fig. S1 ). We first examined and quantified the impact of CP55940 on the oscillatory content of the ECoG from C57BL/6N mice ( Fig. 1 ). After CP55940 injections the ECoG displayed numerous oscillatory bursts, with a shape, frequency (∼5 Hz), length (∼1-2 s), and amplitude (> 0.5 mV) characteristic of thalamocortical high-voltage spindles (HVS, also referred to as spike-and-wave discharges/seizures) ( Fig. 1 A-C; arrowheads in Fig. 1C ) (25) (26) (27) . As expected for this type of oscillation, HVS were sparse during control recordings (27) and, after CP55940 injections, were strictly restricted to periods of immobility (28) . A quantitative routine developed to compare HVS before and after CP55940 injections (Experimental Procedures, Fig. 1 B and C, and Fig. S2 ) showed that, across animals and experiments, HVS incidence and power reliably and strongly increased after CP55940 injections (Fig. 1D ). This effect was dependent on CB1R activation because it was completely reversed ( Fig. 1D and Fig. S3 ) and prevented ( Fig. 1E ) by i.p. injections of the CB1R antagonist AM251 (3 mg/kg). Cannabinoids have been previously shown to decrease the power of neocortical local field potential oscillations over a wide range of frequencies (7, 8) . Therefore, we next quantified the effect of CP55940 on ECoG oscillations in a frequency band distinct from the one of the cannabinoid-induced HVS. As expected, CP55940 injections reliably decreased the amplitude of fast (>12 Hz) ECoG oscillations ( Fig. 1F) (7, 8) , an effect that was also reversed ( Fig. 1F and Fig. S3 ) and blocked ( Fig.  1G ) by AM251 injections. Taken together these data show that systemic CB1R activation, although decreasing synchrony of fast ECoG oscillations, generated hypersynchronous oscillatory bursts characteristic of thalamocortical HVS.
CB1R Activation at GABAergic Striatonigral Synapses Increases the
Incidence of Thalamocortical HVS. We next set out to understand how CP55940 i.p. injections increase HVS. Although rodent HVS function is still a matter of debate [analog to human μ rhythm (29) or model for absence-like seizure actvity (30) ], there is ample evidence that they share mechanistic similarities with the well-studied thalamocortical sleep spindle oscillations (31) (32) (33) (34) (35) . On the one hand, the basal ganglia is a major site controlling thalamocortical oscillations (28, 36) via giant inhibitory nigrothalamic synapses (37) . Specifically, potentiation or blockade of GABAergic transmission in the substantia nigra pars reticulata (SNr) decreases or increases HVS incidence, respectively (36, 38) . On the other hand, the highest density of CB1R in the brain is found in the SNr on striatal inhibitory terminals (1, 20) , where CB1R activation potently decreases GABA release (39) . To test the hypothesis that CB1R expressed by striatonigral neurons (D1-positive medium spiny neurons forming the basal ganglia direct pathway) mediate the increase in HVS observed after systemic injection of CP55940, we took advantage of conditional mutant mice lacking CB1R expression in the striatal neurons projecting to the SNr (D1-CB1R −/− mice) (19) . In WT mice, CP55940 systemic injections induced HVS ( Fig. 2A) , but no such effect was seen in the D1-CB1R −/− mice ( Fig. 2 B and C) . CP55940 effects on HVS were also abolished in GABA-CB1R −/− and CaMK-CB1R −/− mice (Fig. S4) , which lack CB1R expression in, respectively, GABAergic and principal forebrain neurons (24) . In GABA-CB1R −/− and CaMK-CB1R −/− mice, striatal neurons projecting to the SNr lack CB1R expression. Thus, this result ( Fig. S4 ) confirms that CB1R expressed by striatonigral neurons is required for the CP55940-induced increase in HVS. Importantly, the ECoG oscillatory content during baseline recordings was similar across all types of conditional mutant mice (Fig. S5) , ruling out the possibility that the differential effects of CP55940 in WT and CB1R mutant mice originate from alterations in baseline cortical network activity.
The lack of cannabinoid-induced enhancement in HVS in D1-CB1R −/− mice suggested that, in the SNr, activation of CB1R expressed by striatonigral neurons is necessary to increase HVS. To test more directly this hypothesis, CP55940 was locally injected in the SNr of WT and D1-CB1R −/− mice. In WT mice, injections of CP55940 in the SNr induced HVS, an effect that could be reversed by a subsequent injection of the GABA-A receptor agonist muscimol ( Fig. 3 A and B) . Conversely, in D1-CB1R −/− mice, intra-SNr injections of CP55940 failed to increase HVS ( Fig. 3 C and D; P < 0.001 vs. WT data), whereas subsequent injections of the GABA-A antagonist bicuculline increased HVS (Fig. 3C ). Altogether these results are consistent with a scenario in which CP55940 enhances HVS incidence by decreasing GABA release from direct pathway striatal neurons projecting to the SNr.
Activation of CB1R Expressed by Cortical Glutamatergic Neurons Decreases Fast Neocortical Oscillations and Limits Cannabinoid-Induced
Increase in HVS. Systemic injection of CP55940 enhances HVS while decreasing the power of fast (>12 Hz) ECoG oscillations in mice Fig. 1) . To test whether these effects shared the same mechanism, we quantified the effect of CP55940 on the amplitude of fast ECoG oscillations in CB1R conditional mutant mice and their WT littermates. The CP55940-induced decrease in fast ECoG oscillations power was intact in D1-CB1R −/− mice ( Fig. 4 ), suggesting that the cannabinoid-induced increase in HVS and decrease in fast ECoG oscillations have distinct mechanisms. In contrast, the decrease in fast ECoG oscillations was significantly reduced in Glu-CB1R −/− and CaMK-CB1R −/− mice compared with WT littermates ( Fig. 4) . These results show that activation of CB1R expressed by glutamatergic cortical neurons is, at least in part, responsible for the reduced neuronal network synchrony observed in vivo after cannabinoids injections. Additionally, CP55940-induced decrease in fast ECoG oscillations was stronger in GABA-CB1R −/− mice than in WT littermates ( Fig. 4 ), suggesting that activations of CB1R expressed on cortical GABAergic and glutamatergic neurons exert a bidirectional control over fast ECoG oscillations.
A desynchronization function of CB1R expressed by glutamatergic cortical neurons is additionally supported by the observation that the cannabinoid-induced increase in HVS was stronger in Glu-CB1R −/− mice than in WT animals ( Fig. 5 A-C) . Indeed, CP55940 induced prominent HVS and high-amplitude isolated spike-and-wave complexes in the mutant mice ( Fig. 5 D and E) . This result suggests that, in WT animals, activation of CB1R expressed by glutamatergic cortical neurons limits the increase in HVS observed after CP55940 injection.
Discussion
Here we report that cannabinoids have contrasting effects on neocortical network synchrony, characterized by the appearance of hypersynchronous thalamocortical oscillations and decreased amplitude of fast ECoG oscillations. Taking advantage of conditional mice lacking CB1R expression in specific neuronal populations, we broke down these effects into region-and cell-specific CB1R activation: CB1R at striatonigral inhibitory synapses are responsible for the cannabinoid-induced thalamocortical hypersynchrony, whereas CB1R activation at cortical excitatory synapses reduces synchrony of fast neocortical oscillations. We found that in immobile mice, systemic CB1R activation generated highly synchronous oscillatory bursts of the ECoG with a frequency, duration, and amplitude characteristic of thalamocortical HVS (25, 26, 40) . We further showed that this hypersynchronous effect was mediated by CB1R located in the SNr on striatal GABAergic synaptic terminals. Finally, intra-SNr injections of GABA-A agonist and antagonist, respectively, reversed and mimicked the effects of CP55940 on HVS. Altogether, our results are best explained by the following mechanism: systemic CB1R activation induces thalamocortical HVS by decreasing GABA release at striatonigral synapses (Fig. 6) . This hypothesis is supported by previous studies on CB1R synaptic physiology in the basal ganglia and the known role of the SNr in controlling thalamocortical oscillations. First, the highest level of CB1R immunoreactivity in rodent is found in the SNr (18) . In this nucleus, CB1R is localized on axons and terminals of striatal neurons (20) , and its activation potently inhibits striatonigral GABAergic transmission (20, 39) . Second, the basal ganglia are known to modulate thalamocortical oscillations (28, 36) . Specifically, hyperpolarization of thalamocortical relay cells is a condition sine qua non for the emergence of thalamocortical oscillations (13, 31, 34) , and the giant inhibitory synapses between GABAergic neurons of the SNr and thalamocortical relay cells have been proposed to contribute to this hyperpolarization (37) . In agreement with an oscillationpromoting role of nigrothalamic cells, pharmacological excitation or inhibition of SNr neurons increased or decreased HVS incidence, respectively (38, 41) . Finally, dopamine depletion or blockade of dopamine receptors in the striatum, which decreased the activity of direct pathway striatal neurons (42) , also enhanced the incidence of HVS (28, 43) . Altogether these studies suggest that the cannabinoid-induced increase in HVS we report is best explained by the disinhibition of nigrothalamic GABAergic neurons ( Fig. 6) .
In mice lacking CB1R on glutamatergic cortical neurons (Glu-CB1R −/− ), the cannabinoid-induced increase in HVS was stronger than in their WT littermates, and CP55940 generated a seizurelike pattern of activity. This result suggests that in WT mice, striatonigral and cortical CB1R compete and modulate thalamocortical oscillations in opposite directions. The partial counterbalancing effect of "cortical" CB1R could be due to a decrease in release of glutamate in the neocortex, in the thalamus (from corticothalamic excitatory neurons), or in both areas. This is in agreement with a role of cortical input on the thalamic reticular neurons to control thalamocortical HVS oscillations (34, 44) . A role for CB1R expressed by cortical glutamatergic neurons in reducing network synchrony is further supported by the observation that cannabinoid-induced decrease in fast neocortical oscillations was reduced in Glu-and CaMK-CB1R −/− mice. This function is in line with studies showing that "glutamatergic cortical" CB1R provide protection against kainic acid-induced seizures (23, 24) and with recent works suggesting that cannabinoids decrease hippocampal γ and ripple oscillations by decreasing excitatory transmission (6, 11) . CB1R expressed by brain astroglial cells have been recently shown to participate in the control of glutamatergic synaptic transmission and plasticity (45) (46) (47) . Our results suggest that the effects of CP55940 on fast ECoG oscillations are mostly independent from astroglial CB1R: in fact, at odds with astroglial CB1R-dependent long-term depression of excitatory synaptic transmission (47) , CP55940 effects were reversed by injections of a CB1R antagonist and were significantly reduced in Glu-CB1R −/− mice. Still, at this stage, we cannot entirely exclude that astroglial CB1R contribute to the decrease in fast ECoG oscillations, and future investigation will address directly this possibility.
There are several possible specific behavioral implications of our findings. First, the reported dual pro-and antioscillatory functions of CB1R expressed in, respectively, subcortical and cortical regions might be related to the complex control of network excitability exerted by CB1R in physiopathological conditions, such as during epileptiform seizures (15-17, 23, 48) . Additionally, we believe that the increase in thalamocortical HVS after CB1R activation in the SNr offers a perspective to understand the psychoactive effects associated with marijuana consumption. In this context, it is important to emphasize that thalamocortical HVS have been proposed to constitute a brain state that facilitates detection of weak sensory stimulation (29, 49) . More generally, the activity of the thalamocortical system controls vigilance states and gates the perception of sensory stimulation (50) . The recreational consumption of marijuana is well known to produce a "high" characterized by an altered consciousness and an intensification of sensory perceptions (51) . Strikingly, in both human and rodent brains, the highest expression of CB1R is found in the SNr on striatonigral synapses (18, 20, 52, 53) . Therefore, an exciting hypothesis for future investigation is that the sensory/behavioral "high" experienced during marijuana consumption is due to an aberrant thalamocortical synchrony via massive CB1R activation in the SNr.
Experimental Procedures
Experimental procedures are described in SI Experimental Procedures. This section describes the conditional CB1R mutant mice used, electrophysiological recording methods, local and systemic pharmacological injections, and data analysis. All animal procedures were conducted in accordance with standard ethical guidelines (European Communities Directive 86/60-EEC) and were approved by the local ethical committee (Comité d'Experimentació Animal, Universitat de Barcelona, Ref 520/08). 
